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INTRODUCTION
While the methylation of DNA in prokaryotes has been assigned a role in the restriction/modification system, the function of the methylated bases (almost exclusively 5-methyl-cytosine) in eukaryotic DNA is still obscure.
The fact that DNA from different tissues of 2-4 the same animal has differing 5-methylcytosine content could conceivably point to a function in gene expression or differentiation.
An alternative explanation is that, as DNA is not completely methylated for several hours after synthesis, ' a varying content of 5-methylcytosine may reflect a variation between tissues in the proportion of DNA that is newly synthesised and, as yet, undermethylated.
That isolated nuclei are able to methylate their endogenous 7-9 DNA is evidence for the presence of under-methylated DNA.
Moreover nuclei isolated from cells which are making DNA in vivo show greater incorporation of methyl groups into DNA than nuclei 7-9 from resting cells . Such studies, however, are complicated by variable amounts of DNA methylase and S-adenosyl-L-methionine g cleaving activities which leave in doubt to what extent nuclear incorporation depends on enzyme activity or on substrate sites present in the endogenous DNA. To overcome these difficulties and facilitate study of the enzyme, a more highly purified preparation is necessary. Partial purifications of DNA methylase have previously been reported from spleen and rat liver , and the mechanism of the 12-14 latter enzyme has been investigated in some detail . While dithiothreitol and EDTA, each 715 pM, glycerol 7.2%, tris HC1 (pH 7.8)
36 mM and S-adenosyl methionine 23.6 pM. After incubation at 37°C for 1 hour the reaction was stopped by adding 2 ml of a solution containing sodium dodecyl sulphate (1%) , EDTA (2mM), 4-aminosalicyclic acid (3%) n-butanol (5%), NaCl (0.5 M) and salmon testis DNA (0.5 mg/ml) to act as a carrier. Protein was removed by extraction with phenol (88%)/ m-cresol (12%)/8 hydroxyquinoline (0.1%). After centrifugation at 15 C, the upper (aqueous) layer was removed, and DNA spooled out after overlayering with 2 volumes of absolute ethanol. The DNA was then digested in 0.2 ml of O.5N NaOH (3 h, 37°) to remove RNA, after which O.I ml aliquots were precipitated onto filter discs (Whatman 3MM, 2.5 cm) using 5% trichloroacetic acid, in which the filters were washed 4 times at O C. The DNA was dried with ethanol and ether prior to solubilising in hyamine hydroxide, and radioactivity was estimated in a toluene scintillator (0.5% diphenyloxazole in toluene).
As an alternative to solubilisation in hyamine hydroxide the DNA was extracted from the filter with perchloric acid (0. DNA was prepared from most tissues by the Marmur procedure or as described under "DNA Methylase Assay" except that the alkali digestion was replaced by an overnight incubation with pronase and ribonuclease followed by a second phenol extraction. The pertinent data on the purification are presented in Table 1 , which demonstrates that a 405-fold purification was achieved from the isolated nuclei without overall loss of activity.
SDS-Polyacrylamide Gel Electrophoresis
This was carried out according to the method of Fairbanks et al 2 1 .
RESULTS

Purification of DNA Methylase from Ascites Nuclei
The purification procedure is described in detail in Materials and Methods, and the purification is summarised in Table 1 . The reaction is linear for at least one hour and depending on the DNA substrate used it may be linear for 8h or more (See Figure 7 ) .
Activity is completely dependent on added DNA (Figure 4 ) .
Identification of the Product of Methylation
Before an enzyme can be unequivocally characterised as a eukaryotic DNA methylase, one must be certain that the only product is 5-methyl-cytosine present in DNA. When E.coll DNA is methylated, isolated as in the standard assay, and then hydrolysed to the bases as A portion of the product was denatured and both native and denatured material incubated with N.Crassa nuclease as described in the text.
• "native" E.coli DNA (E-, ) • "native" E.coli DNA (dpmj 0 native calf thymus DNA(dpm) a denatured calf thymus DNA (dpm) A native L929 cell DNA (dpm) A denatured L929 cell DNA (dpm) digested does not exceed 10%, while with heat denatured DNA from these sources methylation occurs only in regions susceptible to N.Crassa nuclease.
We conclude that the enzyme methylates E.coli In view of the evidence already presented that the methylase will methylate only single-stranded E.coli DNA, an experiment was carried out to examine the effect of salt on this reaction ( Table 2 ) .
As might be expected, fully denatured DNA was a better substrate than "native" DNA (which we know to have some 15% single-stranded material); moreover, the denatured DNA shows stimulation at 80 mM salt (compare Figure 6 ) while salt has a slight inhibitory effect on the reaction with "native" DNA.
Prior treatment of the "native" DNA with N.Crassa nuclease, leaving only double-stranded material, greatly reduces the rate of methylation, and also leads to a salt effect very similar to that on native calf thymus DNA (some 78% inhibition at 80 mM salt). This experiment lends support to our finding that "native" E.coli DNA has a proportion of single-stranded regions, and that the enzyme methylates this DNA primarily in these regions. Denatured and Native assays were carried out with 5O yg DNA. Native*: 5O ug native E.coli DNA was treated with N.Crassa nuclease before use in the assay (15% of this DNA was rendered acid soluble in 8 h by the N.Crassa nuclease).
In an earlier paper , Drahovsky and Morris presented evidence that their enzyme formed a tight complex with native DNA, and once this complex was formed the enzyme remained bound to DNA for the duration of the reaction. One of their reasons for this conclusion was the fact that, if their enzyme and DNA were preincubated in the absence of salt, the subsequent methylation reaction was markedly more resistant to salt than the reaction where salt was present from the beginning; they argued that it is the initial binding reaction which is affected by salt, not the actual methylation.
When a pre-incubation experiment was carried out with our enzyme ( Figure 6 ) the inhibition by salt was exactly the same as it had been without pre-incubation. This does not support the idea of an initial tight binding reaction for the purified ascites methylase.
Competition between methyl accepting and non-accepting DNAs as substrate
Another approach to the question of complex formation between methylase and DNA is to examine the effect of adding to the reaction mixture another species of DNA which is known not to be methylated by the enzyme, but may still be able to interact with it. Table 3 Each addition of DNA was of 70 pg (L929) and/or 8O ug (E.coli).
shows the result of such a competition experiment, using E.coli DNA as substrate and DNA from stationary mouse L929 cells as the non- Taking this to be the 1OO% value for methylatable cytosines, the in vitro methylation reported here is of the order of 2.7%.
Even at this low value, calf thymus DNA is one of the better substrates for the enzyme, as shown in Figure 8 .
Various DNAs as Methyl Acceptors Figure 8 shows the initial rate of incorporation of methyl groups Although we have no direct evidence that this 80,000 dalton band is produced by the enzyme, it appears prominent only in the purified fraction. The results of gel filtration suggest that the active form of the enzyme must be at least a dimer of this species.
In the standard assay an excess of E.coli DNA is used, but in the presence of excess enzyme the source of the DNA substrate affects both The enzyme will also methylate homologous ascites DNA at a significant rate. We are confident, however, that there is no ascites DNA in the enzyme preparation which might interfere with the assays, since there is no detectable incorporation of methyl groups into DNA in the absence of added substrate DNA.
It is remarkable that the ascites methylase acts almost exclusively on single-stranded regions of "native" E.coli DNA while double-stranded calf thymus and L929 cell DNA are methylated. Clearly the enzyme can recognise single-stranded DNA as a substrate; it must also be able to recognise some sort of double-stranded site which is present in calf thymus and L929 DNA but lacking in E.coli. As DNA from stationary L929 cells appears fully methylated we can assume that undermethylated DNA will be completely methylated in one strand but undermethylated in the other. Base composition analysis of the undermethylated DNA synthesised 14
in the presence of C-deoxycytidine shows it to be about 19% undermethylated. All these undermethylated cytosines will be in the newly synthesised strand. Table 4 shows that this DNA can accept methyl groups on 9.1% of its methylatable cytosines, calculated on its overall (G+C) content. If we assume that these are all in the newly synthesised strand the proportion rises to 18.2% which is almost identical to the deficiency calculated by base analysis. This demonstrates that the enzyme is capable of methylating the available sites and that these are the sites left unmethylated in vivo.
It has been postulated by Drahovsky and Morris ' that DNA methylase binds to native DNA at or near one end and "walks" along the molecule methylating sites as it goes, rather like E.coli RNA polymerase. They based this conclusion on the proposed formation, in a temperature dependent reaction, of a strong DNA-enzyme complex which, once formed, is resistant to dissociation by salt or competing DNAs. Our results contradict some of their observations and support the idea that the purified ascites enzyme binds loosely and reversibly to DNA -perhaps at random -and that methylation occurs only when the enzyme binds to a methylatable site.
This would explain the extended time course of reaction ( Figure 7 ) and the lack of affinity of the enzyme for DNA cellulose (Turnbull and Adams, unpublished data) .
The difference between our results and those of Drarhovsky and Morris may be accounted for by the presence in their much less pure preparation of accessory factors upon whose physiological significance we can only theorise.
Our finding that the ascites DNA methylase is able to methylate denatured DNA is in agreement with a number of earlier reports, ' ' .
Salt has differing effects on the reactions with single-and doublestranded DNA; while methylation of double-stranded DNA is inhibited even uy low concentrations of NaCl, the reaction with single-stranded DNA • shows a marked stimulation by salt at concentrations as high as 9O mM.
The behaviour of "native" E.coli DNA as substrate in the presence of salt provides incidental confirmation of our conclusion that this DNA is methylated in single-stxanged regions. Drahovsky and Morris sought to explain this differential salt effect on the assumption that salt stabilises the DNA double helix, thereby preventing local unwinding which (they argue) is a prerequisite for methylation. This explanation, while plausible, is not the only possibility. It seems feasible that the action of salt might be to dissociate a tetrameric form of the enzyme (molecular weight about 400,000) to the putative dimeric form isolated from the Ultrogel column. The tetrameric enzyme would methylate native DMA whereas the dimer would methylate single stranded DNA in a salt stimulated reaction. These possibilities are at present under investigation.
